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1. Introduction 

Almost every book and review on the Standard Model (SM) has its own conventions 
for the signs that enter the definitions of the couplings and fields. Although the signs 
are irrelevant when a full calculation is made with any given convention, the signs 
of the various Feynman diagrams are usually different in different conventions. Of 
course, most articles sidestep writing all Feynman diagrams, with the rationale 
that these are already contained in several books. Typically, an article on a model 
of Physics beyond the SM shows only a few Feynman rules, or not even that. As 
a result, the remaining Feynman rules needed for any given calculation must be 
derived from first principles or found in books. And this is where the problem 
resides; which convention was used in the article? How does it compare with the 
convention in some specific book? 

Here we perform two tasks. We list all Feynman rules with arbitrary signs, 
allowing one to specify later for any given sign convention being used, and we list 
the sign conventions of close to 40 known books and reviews. 

Section [2] summarizes the SM Lagrangian including the generic signs (repre- 
sented by parameters i] = ±1) necessary to specify the different notations found in 
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the literature. These are listed in table form in section[3l including only those refer- 
ences we consulted which: (i) follow the metric (+, — , — , — ); (ii) follow Bjorken and 
Drell's^ convention for the propagator, with the explicit i; and (iii) are internally 
consistent (i.e., we do not include references which make one sign choice in one 
part of the Lagrangian and a different choice elsewhere). Sections [4] and [5] contain 
all Feynman rules of the SM, including would-be Goldstone bosons and ghosts in 
an arbitrary gauge, in a convention-independent notation. Consistency remarks 
due Gauge invariance and invariance under BRST transformations are relegated to 
the | Appendix A[ 

2. The Standard Model 
2.1. Gauge group SU(3) C 

Here the important conventions are for the field strengths and the covariant deriva- 
tives. We have 

G^^d^-d,Gl~ Vs g s f abc GlGl (o = l,..., 8), (1) 

where f abc are the group structure constants, satisfying 

[T a ,T b ] = if abc T c , (2) 

and T a are the generators of the group. The parameter rj s = ±1, reflects the two 
usual signs in the literature. The covariant derivative of a (quark) field q in some 
representation T a of the gauge group is given by 

D^q= {d^ + i Vs g s G;T a )q. (3) 

In QCD, the quarks are in the fundamental representation and T a = A a /2, where 
A a are the Gell-Mann matrices. A gauge transformation is given by a matrix 

u = e in.B.W f (4) 

and the fields transform as 

q-te'i'^Fq, 5q = i Vs g s T a /3 a q, 

G®T a -► UG^U- 1 + —d^UU~\ 5GI = ~d^ a - i ls g s f abc p b G c ^ (5) 

where the second column is for infinitesimal transformations. With these definitions 
one can verify that the covariant derivative transforms like the field itself, 

5{D^q)^ii ls g s T a (i a {D^q), (6) 



ensuring the gauge invariance of the Lagrangian. Further consistency checks due to 
gauge invariance will be relegated to |Appendix A| 
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2.2. Gauge Group SU(2) L X U(1) Y 

For the SU(2)l group, we have 

W% = W ~ d »K ~ V 9t abc W*WZ (a = 1, . . . , 3), (7) 

where, for the fundamental representation of SU(2)l, T a = r a /2, where t° are the 
Pauli matrices, e abc is the completely anti-symmetric tensor in 3 dimensions, and 
rj = ±1. The covariant derivative for any field tpL transforming non-trivially under 
this group is, 



As for the Abelian U(l)y group, we have 

B^u = d^B v — duB^, 
with the covariant derivative given by 



(8) 
(9) 
(10) 



where Y is the hypercharge of the field, connected to the electric charge through 

Q = T 3 + VY Y. (11) 
As before r?', 7?y = ± 1 • Some authors use 

^theirs T3 + T)Y ^theirs 



Q = T 3 + VY - 



(12) 



2 2 

instead of our Eq. (jlip . The difference is immaterial for the Feynman rules, which 
depend only on Q. 

It is useful to write the covariant derivative in terms of the mass eigenstates 
and Z^. These are defined by the relation^, 



Wjl = -qz cos 9 W + A^rje sin 9 W 
B^ = -rjzZ^rig si\\9 w + cos9 w 



VzZ^ = cos9 w ~ B^rio sm.9 w 
A^ = r]g sin 9 W + B^ cos 9 W 



(13) 



For a doublet field ipL, with hypercharge Y, we get, 



d» + ir)-^ (r + W+ + T-W~) + iv f rzWl + i v'g'vvYB^ 



IpL 



d^ + iv^ (r + W+ + t-W-) +iVeeQ A, 



i rj 



cos 9w 



(■y - Q sin2 8wj VzZ^ 



01 



(14) 



a One could also include a sign in the photon field A, by substituting — > tiaA^. However we 
have found no author who made the choice r\\ = — 1. 
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where 



Wl T iWl 
W ± = ^— 

n ± ir 2 



V2 



The charge operator is defined by 



Q 



and we have used the relations, 



VyY 



-I + vyY 



r\ e e = (rjrjg) gsm9 w 
= r/ g' cos 9 W . 



(15) 
(16) 

(17) 



(18) 



Many authors use rj e = +1. Some authors use r\ e = — 1, to account for their other 
conventions (notably r\ — r/' = —1), and still keep e = +g' cosOw = +gsin9w- For 
a singlet of SU(2)l, *Pr, we have, 



D^r ^[df.+i r/'g'rjYYBf,} ip R 



dp + irj e eQ - irj- 



fJ 



-Q sin OwVzZfj 



cos 6w 

We collect in Table [1] the quantum numbers of the SM particles. 



(19) 



Table 1. Values of t/, Q and Y for the SM particles. 



Field £ L l R u L u L d L u R d R 



T 3 


i 

2 





1 

2 


1 

2 


1 

2 








1 

2 


1 
2 


VyY 


1 

L> 


-1 


1 
2 


1 

(i 


1 

6 


2 
3 


1 
3 


1 

2 


1 

2 


Q 


-1 


-1 





2 
3 


1 
3 


2 
3 


1 
3 


1 






Notice that the right-hand sides of Eqs. (Q~4|) and (fT9|) only involve V through 
Q, where it appears in the combination r\yY . A few authors write Eqs. (|14p and 
(|19| directly for each field, sidestepping a precise definition for their rfy. 

For each fermion field ip, one defines V'-R.l = Pr,l^^ where 

Pr,l = (20) 



and ip = ipR + ipL- 
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2.3. The gauge and fermion fields Lagrangian 

The gauge field Lagrangian is 
r 



(21) 



4~^~ 4"^" 4- 

where the field strengths are given in Eqs. (P), ([7]) and ©. 

The kinetic terms for the fermions, including the interaction with the gauge 
fields due to the covariant derivative, is written as 

£ F ormion= t^f + *$Z7" ® +^tf>Rrf D„1pR, (22) 

quarks tpL tpR 

where the covariant derivatives are obtained with the rules in Eqs. ([3]), (IT4l) and 
(HU). 



2.4. The Higgs Lagrangian 

The SM includes a Higgs doublet with the following assignments, 



v + H + iipz 

Since r^Yi = +1/2, the covariant derivative reads 



+ i V -^= (r+W+ + t-W-) + i rj y -T 3 Wl + i ri^-B, 
+ i ?;^= (r+W+ + t-W-)+i Ve e Q A„ 



i r\- 



cos 9w 

where, for the doublet field $, 



(y - Q sin2 9wj m z n 



1 




The Higgs Lagrangian is 

£mgg S = i D M D ^ + M 2$t$ - A ( $t$ ) 
leading to the relations, 



2 _ A 4 



2 2 



(23) 



(24) 

(25) 
(26) 
(27) 



Expanding this Lagrangian, we find the following terms quadratic in the fields: 
Aiiggs = ' ' ' + \g 2 v 2 WlW^ + X -g a v 2 B^ - l m 'gg'v 2 W^ + -^ V 2 W+W~^ 

+\v&<pz (ri'g'B^ -rigW*) - l - V gvW~d^ + + ^gvW+d^- (28) 
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The first three terms give, after diagonalization, a massless field (the photon), and 
a massive one (the Z), with the relations given in Eq. (|13p . while the fourth term 
gives mass to the charged W^- bosons. Using Eq. (fT3|) . we get 

£ Higg s = • • • + \m\Z^ + m 2 w W+W-^ 

-r/nzmzZ^tpz -iv™ w (W-d^+ - W+d»<p-) , (29) 



1 111 

m w = t;9 v : m z = t, — t;9 v = ^—m w . (30) 

2 cos W 2 cos W 



where 



By looking at Eq. (|29|) we realize that, besides finding a realistic spectra for the 
gauge bosons, we also get a problem. In fact, the terms in the last line are quadratic 
in the fields and complicate the definition of the propagators. The gauge fixing terms 
discussed in section 12.61 solve this problem. 



2.5. The Yukawa Lagrangian, fermion masses and the CKM 
matrix 

After spontaneous symmetry breaking, the interaction between the fermions and 
the Higgs doublet gives masses to the elementary fermions. We have, 



C 



Yukawa 



-L L Yi*l R - Q L Y d <s>d' R - Q L y u $ u' R + h.c. 



(31) 



where a sum over generations is implied by the matrix notation, (Q' L ) are the 
left-handed lepton (quark) doublets and, 



v + H — iipz 

-f 



(32) 



Yi, Yd, and Y u are general complex 3x3 matrices in the respective flavor spaces. 

To bring the quarks into the mass basis, Yd and Y u are diagonalized through 
unitary transformations 



u' L = u L Ul L , 
u' R = U uR ,u R , 



d' L = d L U\ L , 
d R — UdR d R , 



(33) 



such that 



u Il y u U u r = M u = diag (m„, m c , m t ) , 



V2 



U dL Y d UdR = M d = diag (m dl m s , m b ) 



In this new basis, the Higgs couplings of the quarks become diagonal: 

v 



i 



\uM u u + dM d d] . 



(34) 



(35) 
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The couplings to the photon and the Z remain diagonal. In contrast, the couplings 
to the W mix the upper and lower components of Q' L , which transform differently 
under Eqs. (|33|) . As a result, the couplings to become off-diagonal: 

- v Cw = ^=u L V^d L W^ + h.c, (36) 

where 

V = ul L U dL (37) 

is the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which also affects the interac- 
tions with the charged Goldstone bosons. 

In the SM, there are no right-handed neutrinos. As a result, the neutrinos are 
massless and we are free to rotate them in order to accommodate the transforma- 
tions of the charged quarks needed to diagonalize YJ. Thus, without loss of generality, 
we may take Yi = diag (m e , m M , m T ) and V = 1 in the leptonic sector. 



2.6. The gauge fixing 

One needs to gauge fix the gauge part of the Lagrangian in order to be able to 
define the propagators. In the gauges, the gauge fixing Lagrangian reads: 

£gf = ~F%- (38) 
2?G l^z c,W 

where 

F a G = d^G*, 
F A = d»A^ 

F z = d^Z^ + X]t] Z £,zm Z (pz, 
F+ =8»W+ + in£ w m w <p + , 

F- = d»W~ -iri£ w m w <p-. (39) 

One can easily verify that, with these definitions, £gf cancels the mixed quadratic 
terms on the second line of Eq. (|2"91 . 



2.7. The ghost Lagrangian 

The last piece needed for the SM Lagrangian is the ghost Lagrangian. For a linear 
gauge fixing condition, as in Eq. (|39[) . this is given by the Fadeev-Popov prescription: 



-Ghost 



E 



i=l 

8 



0(5F + ) , _ 0(5 F + ) , _ 0(5 F z ) , _ 0(5 F A ) 



0a l 



0a l 



cz- 



0a l 



ca- 



0a l 



UJ 



.,6=1 



0f3 b 



Ul 



(40) 
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where we have denoted by u a the ghosts associated with the SU (3) c transformations 
defined by Eq. ((4]), and by c± 7 ca,cz the electroweak ghosts associated with the 
gauge transformations, 

u = e i V gT« a « ( a= i ) ... )3 ) ) (41) 

and 

U = e Ww g'Y a \ ( 42 ) 

For completeness, we write in |Appcndix A| the gauge transformations of the gauge 
fixing terms needed to find the Lagrangian in Eq. (|40| . 

Because ghosts are not external states, the sign r\Q = ±1 is immaterial and, 
although it corresponds to an overall sign affecting all propagators and vertices 
with ghosts, it drops out in any physical calculation involving ghosts. 

2.8. The complete SM Lagrangian 

Finally, the complete Lagrangian for the Standard Model is obtained putting to- 
gether all the pieces. We have, 

^SM — ^gaugc ~l~ ^Fcrmion ~t~ ^Higgs ~l~ £ Yukawa + ^GF + ^Ghost , (43) 

where the different terms were given in Eqs. ([21]), (|2"2]t. (f26|) . (f3T]) . (|38j) . and (|40|) . 
3. Notations found in the literature 

In order to use the results contained in some specific source in the literature, one 
must find the covariant derivative 

D, = ^ + i V g^-W* + iff vy 9'Y B„ (44) 

and Eqs. (|11[) and (|13[) . This sets the sign convention for r/, rf , r)z, r/g, and r\y ■ 
Typically, authors set r/ s = rj. 

The signs and conventions in the literature are shown in Table [2j 
The corresponding Feynman rules are presented in the following sections. A few 
remarks are in order. As mentioned, since the Feynman rules depend only on Q, 
authors may choose to sidestep a definition of rjy] or whether they are using Y, 
from Eq. (|llj) . or Ithoirs, from Eq. (|12j) ; or even neglect to mention the hypercharge 
Y altogether. Similarly, 7/0, 77' and g' are absent from the Feynman rules and, thus, 
not needed in any calculation. We see that only rj s , in the strong sector, and ry, f] ei 
and rjz, in the electroweak sector, show up in Feynman diagrams. 

The fact that authors differ by their ij sign, but all keep to the definition of 
n%w and mz in Eq. (|30[) (assumed positive), means that diagrams proportional to 
gauge boson masses are also affected by the sign choice. Some conventions lead to 
peculiar results. For example, the convention in Ref. [31] leads to the unconventional 
e = — g' cos 6w, while keeping the usual e = gsin#w- If one wishes to keep all 
quantities positive in the relation mz = gv / (2 cos 9w), then one must assume that 
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Table 2. Sign conventions found in the literature. An asterisk, *, on the 



last column means that such authors have Q = (rg 
of our Eq. JTTJ. 


+ >theixs)/2 instead 


Ref. 


V v' Vz Ve 


VY Ve Y 


EHUD 
EHH1 

|18|19| 

ESH3D] 
EHE2 
EH 
M 

13511361 

sa 

EU 


+ + + + 
+ + + + 

- - + + 

- - + + 

- - + - 

- - - + 

- + + - 

- + + - 

- + + - 
+ - + 


+ + 

+ + * 

+ 

+ * 

+ + 

+ * 

+ 

+ 

+ + 

+ * 



g' is negative. This is irrelevant for the Feynman rules, where g' does not show, but 
unusual. 

The relevant electroweak choices for r), ry e , and r\z may be inferred from any given 
reference, as long as a few Feynman rules are given. For example, the coupling of the 
photon with fermions (or W + W~ , or (p + ip~) sets rj e . Similarly, the coupling of the 
Z with fermions (or W + W~ , or ip + (p~) sets rjrjz- Finally, the coupling of the W + 
with fermions sets r\. This sets the notation for all other Feynman rules, even when 
Goldstone bosons and/or ghosts are included, except for t\q which can be found 
in any of the propagators or vertices involving ghosts. The sign for t\q is shown 
in Table [3] for those references including ghosts. A star (*) indicates the references 
that only include Feynman rules with ghosts for the pure non-abelian gauge theory 
or that have an incomplete list of the Feynman rules for the electroweak ghosts. 
A dagger (f) indicates the references that include all Feynman rules, including 
electroweak ghosts. 

Table 3. Sign convention for t\q found in the litera- 
ture. 



Ref. ria 



[2l [20l[3Tll36l[3Tl + f 

IT3ll23ll46l - * 

El - t 



Next we present all Feynman rules, including the generic signs, which have been 
obtained using the FeynRules packaged The first Roman letters (a, d, c, d, e) de- 
note group indices; the Roman letters refer to the QCD component; the Greek 
letters (fj,,u,a,p) denote Lorentz indices; while the first Greek letters (a,/3), ap- 
pearing in the CKM matrix V, refer to the flavor indices. 

We finish this section by comparing our results with those found in the literature. 
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We only do this comparison for the set of references that have all the Feynman rules 
for the Standard Model, including ghosts, namely, Refs. HEJUOIETIESI and [37] We 
agree with Ref. 2 (including the errata) except for an overall sign in Eqs. (14.66) 
and (14.67). As for Ref. |3j we disagree with the four gluon vertex on page 572, 
but we agree when it is written on page 557. We also note that this reference has 
the complete Feynman rules for the counterterms that we do not include here. 
Ref. [20] has all the Feynman rules, including also those for the counterterms. The 
conventions of this reference are different from all those that we cite and therefore 
difficult to compare. However, we have checked a reasonable number of Feynman 
rules and got agreement in all cases. Ref. [36] has all Feynman rules correct, except 
for an overall sign on the last vertex on page A. 16 and the fourth on page A. 18. We 
agree with all Feynman rules contained in Refs. I3T1 and l37l 



4. Feynman Rules for QCD 

We give separately the Feynman Rules for QCD and the electroweak part of the 
Standard Model. All moments are incoming, except in the ghost vertices where they 
are explicitly shown. 



4.1. Propagators 



9 

u, a sAAAAA/ 1 v, b 



9V 



(45) 



k 2 + ie 



(k 2 ) 2 



a 



b 



IT] G 



(46) 



k 2 + ie 



4.2. Triple Gauge Interactions 



p,c 






(47) 



M) a 



v, b 
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4.3. Quartic Gauge Interactions 



a, d 


p,c 












-ig 2 s 


feabfecd( < 9pp9v<7 Qp><jQvp) 




-'/ 






H~ feacfedbidfiadp^ Qp-vQpcr) 


(48) 


H,a 


v, b 




H~ feadfebc{9fiu9pcr ~ QppQva) 





4.4. Fermion Gauge Interactions 




% J 
4.5. Ghost Interactions 



(49) 



|P3 

'•.\f>2 

..••'♦'/'I 

a 6 



5. Feynman Rules for the Electroweak Theory 
5.1. Propagators 



7 

fj, kS\S\S\S\S\S^ v 



— i 



a v _ ci _ t \K^2L 
k 2 + ie ( ^ A, (k 2 ) 2 



(50) 



(51) 



W 



— % 



k 2 - mly + i 



9V - (1 - tw) 



k,,k,. 



k 2 - ^wmly 



(52) 



k 2 — m 2 z + ie 



/-, j- \ k^k v 
9i* v - (l-Cz), 



A: 2 - £ z m| 



(53) 



i(^ + my) 
p 2 — m 2 + ie 



(54) 



October 23, 2012 0:50 WSPC/INSTRUCTION FILE signs-ijmpaarxiv'v2 



12 



h 

-= 5 ( 55 ) 

p p 2 - to 2 + %e 



fz ■ 

V p 2 - i z m\ + le (56) 



V 2 - iwm z w + ie 



(57) 



5.2. Triple Gauge Interactions 



W, 




w + 

p 



A„ 



'■Vee[g ap (p- -p+)» +g P n(p+ - q)u + 9n<r(q - P-) P ] (58) 



W. 




w+ 



\f -iirnzgcose w {9ap(P--p+)n+9p P ,(p+-q)<7+gna{q-P-)p] (59) 



5.3. Quartic Gauge Interactions 



W+ 



w+ 




W: 




W: 



ie [2g ap g^ v - g ap ,g pv - 9<™9 P p\ (60) 



ig 2 cos 2 6 W \^9a P 9iiv - 9a P g P v - 9^9 PP ] (61) 
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where 

9 f v = lT*-Q fS m 2 e w , 9 f A = \rj ■ 
5.6. Fermion-Higgs and Fermion-Goldstone Interactions 




X ^ 
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5.7. Triple Higgs-Gauge and Goldstone- Gauge Interactions 



P+ 



//P 



if > 



z„ 



P- 



h . 



\ 

\ 

\ 

4 

/ 

//k 



VZ , 



\ 

^ 
t 

/ 

//k 



\ 

\ 

\ 
V 

/ 

//k 



■r) e e (jp+ -p-)^ 



cos29w , N 
1> V Vz 9 TTZZZa (P+-P-), 



2 cos( 



±2^5 (fc-p)p 



^9 ( k -p)„ 



-r\r\z 



(k-p) 

2cos6W V w " 



Vz ' 




i Ti e r] e m w 



15 



(75) 



(76) 



(77) 



(78) 



(79) 



(80) 
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h x 





h t 



w ± 



trjzgmz sin W g^ 



ig m w 




9 



cos % 



7— m z 9^ 

t>w 



5.8. Quartic Higgs- Gauge and Goldstone- Gauge Interactions 



h 




9 9^ 



9 9V 
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5.9. Triple Higgs and Goldstone Interactions 



h 



¥>z s 



i m 2 



5.10. Quartic Higgs and Goldstone Interactions 



19 



1 ml /„„n 

2 mw 



3 ml ,„„, 
2 mw 



1 " i h /~~\ 
^3— 98 

2 mw 
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5.11. Ghost Propagators 
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k 



rj G i 



k? — £,zm 2 z + ie 



(107) 



5.12. Ghost Gauge Interactions 

'-■■\ P 



C" 1 

\\P 



C ± . 



,7 

// 



c ± . 



TiVGVeePf, (108) 



■www^ T i VGV Vz g cos 9w Pfi (109) 



'iwww- ^ ± irjGVVz g cos 9w Pp. (HO) 



c ± . 

\ „ W ± 

[kwww- m ± irjcrjeep^ (HI) 

cz . 

'■••y 

Vwww* m ± ir\o V 9 cos 9w P^ (H2) 

/> 
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CA . 

Vwww- M ± irj G rj e ep^ (H3) 

// 



5.13. Ghost Higgs and Ghost Goldstone Interactions 



c ± . 



// 

I- 



± VG ^wmw (H4) 



--^vcg^wmw (H5) 



cz ■' 
cz . 



. h -VG W a izmz (116) 

2 cos Vw 



I- 

// 



■^VGVz gKzmz (117) 
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cos 29w 



£,w "iff 



(118) 



2 cos 9w 



cz • 



(119) 



CA ■' 

5.14. Brief comment on the alternative metric 

As mentioned in the introduction, all our calculations and Feynman diagrams have 
been obtained with the metric (+,—,—,—). A few books use instead the metric 
(—,+,+,+). Ref. 1301 differs from ours only in the metric. For example, it uses as 
we do, itp^tp for the fermion kinetic term. Therefore, our results agree, with the 
change — > —g^v, implying also changes of the type p 2 — > —p 2 and j> — > —j>. The 
comparison is much more involved with respect to Refs . I4T1 and I42] because in those 
cases there are many changes besides the metric, involving, in particular, multiple 
factors of i and 27r in the Feynman rules. As an additional complication, Ref. 02] 
uses —iptfip for the fermion kinetic term, implying also a change in the matrices 7 M , 
compounded by different gauge fixing terms. A detailed analysis of all such choices 
lies beyond the scope of this work. 
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Appendix A. Gauge and BRST consistency checks 

Appendix A.l. Gauge transformation and gauge invariance 

For completeness we write here the gauge transformations of the gauge fixing terms 
needed to find the Lagrangian in Eq. (|40|) . It is convenient to redefine the parameters 
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2d 



as 



cr 



a 1 =F « 2 



V2 ' 



We then get 



rjzotz = o? cos 0w — ilea 4 sin 6w , 



a a = svaOw + a cos^vv- 



(A.l) 



= ^(<5i4"), 
<5F Z = dpiSZ^ + ririztzmzStpz, 
5F + = dp{5W+) +ir)£ w m w 5tp + , 
5F- = d^{5W~) - irj£wm w 8(p~ . 



(A.2) 



Using the explicit form of the gauge transformations we can finally find the missing 
pieces, 

5A^ = -d^aA -irj e e (W+a~ - W~a + ) , 
SZf, = -d^OLz - iff Vz 9 cos 6 W (W+a~ - W~a + ) , 
SW+ = -d^a + -irjg [a + (rj z Z^cosOw + rieA^smBw) 

- (j] Z a z cos 6 W + r)ga A sin 6 W ) W+] , 

SW~ = -d^oT +if]g [a" (rjz Z^ cos W + ijgA^ sin 9 W ) 

- (vz ol z cosd w + rieO-A sm6 w ) W~] . (A. 3) 
To get the variation of the Goldstone bosons we notice that 



5$ 



v2 2 2 

ir)-^= (r + a + + r~a~) +ir] e eQa A 
v2 



(A.4) 



+ i V — ^— \ -k-Q sin2 °w] Vzaz 
cosftw V 2 / 



(A.5) 



which we can write as 

5<p+ 
5(H + i<pz) 



V2 



cos 2Qw 
' cos 6 W 



■q z otz - ZiJeectA -V2f]ga + 



v + H + iip z 



V2 



(A.6) 
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leading to 



9 



2 cos 6w 



■qz a z (v + H), 



■ 9, tt , • \ 4- g cos29 w + . + 

lr l7;\ v + tl + Wz)a + 1 V't; n — <P Vz az + ir] e e<p^aA, 

Z Z COS Uw 



9 , 



Sip = —in-(v + H — iipz)a 
5H = —in ^(a + ip~ — a~ ip + ) 



. g cos 29\y 

j. — <p Vz olz - in e eip cxa, 

2 COS dyy 

9 



V ~ a ■nzctzVz- (A.7) 

2 COS 0iy 

With the gauge transformations given in Eqs. (|A.3I) and (|A.7|) . one can easily 
verify that £ ga ugc and £mggs are gauge invariant, independently of the choice of the 
T7's. For instance, for £mggs we have 

5£ H iggs = S (D^ + (Z? M $) t S + 5 (u 3 &$ - A ($ t $) 2 ) = . (A.8) 

To check the fermion part we have to give explicitly the gauge transformations for 
ipL and ifjR. They can be easily obtained from Eqs. (THl) and p^|) . We get, 



SlpL = 



I IJ 



V2 



-i r\- 



9 



COS Vw 



t a ) + ir) e eQ cca 



y - Q sin 2 9 W ) rjzaz 



i rj e e Q a a — ii]- 



9 



-Q sin 2 i 



(A.9) 

COS Uw 

supplemented by Eq. ([3]) for the SU(3) C transformation of the quarks. Using these 
transformation laws one can verify that 

S (^Fermion + £ Yukawa) = , (A. 10) 

completing the proof of the gauge invariance of the classical part of £sm- This means 
that, except for £gf + ^Ghost to be discussed below, we have included the various 
r) parameters in the appropriate fashion. 



Appendix A. 2. Consistency checks and the BRST transformations 

To make the proof of gauge invariance for the complete Lagrangian we have to 
deal with the gauge fixing and ghost terms. This is more easily done using the 
BRST transformations of Becchi, Rouet and Stora 4 ^ and Tyutin, 4 -^ and the Slavnov 
operator. The Slavnov operator is a special kind of gauge transformation on the 
gauge and matter fields. More specifically, we define, 

s{A ^ ) = ii c% s( ^ ) = £~ cl ' (A - n) 

where are the gauge fields and 4>i represents generically any matter field (fermion 
or boson). They have the following properties: 
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(i) For a product of two fields, we have 

s(XY) = s{X)Y + (-l) GN ( x >I s (y) . (A.12) 

In this expression the ghost number, GN(X), is defined as zero for gauge and 
matter fields, +1 for c 1 fields (ghosts) and —1 for <? (anti-ghosts). 

(ii) s raises the dimension by one unit (in terms of mass). 

(iii) s does not change the charge. 

(iv) The Slavnov operator is nilpotent, that is, s 2 = 0. 

To check the last identity we must have, for a non-abelian group, 

s{c i ) = -r 1 9 -r k c?c k . (A.13) 

Let us show how the nilpotency of s is obtained for the gauge fields of a non-abelian 
theory. From Eq. (lA.llf) we have, 

s {A^) = -d^-i 1 gr k dAl . (A.14) 

Therefore, using Eq. (|A.12[) we get, 

s 2 A^ = -d^j) - 'inf^x-iA';, + i 19 r k c> s {Al) 

2 

= V \P k {d^C k + (jd^ k ) + ^3_f^f^n c m c n A k 

+ Vg.r k < J (~d^c k - V gf kmn c m A^) 

a 2 

= V9f Vk (c 3 df,C k - C j df,C k ) + y (f^ k f mn + fjmpnk + fijnjjkm} 

= , (A.15) 

where we have used the anti-symmetry of the structure constants and of the ghost 
fields, and the Jacobi identity. This confirms that the assignment of Eq. (|A.13[) is 
consistent with Eqs. (|A.12[) and (|A.14[) . Before proceeding, we should notice that 
another definition for the product can be used. In particular, Ref . HS1 uses 

s(XY) = (-l) GN< - Y ^s(X)Y + Xs(Y) . (A.16) 

Then, to verify the nilpotency of s, we must reverse the sign in Eq. (|A.13|) . 

To prove the invariance of £GF+Ghost we use the BRST technique. This is best 
explained for a simple group. We have, 



5F- 1 

£ G F+Gho S t = ~ff + tjgV j^-c 1 = ~-F 2 + c> s(F,) , (A.17) 



where the last step follows from Eq. (jA.llj) . Now, because of the nilpotency of the 
Slavnov operator, to ensure the invariance of Eq. (|A.17|) under BRST transforma- 
tions it is enough to require that 

s(c i ) = r)GjF j ■ (A.18) 
If the gauge fixing is non-linear, some subtleties arise, as explained in Ref. |45] 
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Coming back to the Standard Model, we only have to verify that the Slavnov 
operator is indeed nilpotent in all the fields. We have verified this explicitly for all 
the cases. For completeness, we give here the action of the Slavnov operator in all of 
the Standard Model fields, in a way consistent with our notation. We just give the 
electroweak part, because, for QCD, they can be read from Eqs. (|A.13p and (|A.14I) . 
We start with the gauge fields, 

s{AJ = -O^ca -i Ve e (W+c- - W~c + ) , 



-df.cz - irjriz gcos8 w (W+c~ - W~c + ) , 
-d^c* -irjg [c+ (r/ z cos 9 W + tiqA^ sin V 

- (Vz cz cos6 w + f] 8 c A sm6 w ) W+] , 
s (W/7) = -df+cr +ir)g [c~ (r\ z Z fi coa0w + rjgA^ sm.0\ 

- (rjzczcosdw + r]0CAsin0w) W~] . 



(A.19) 



For the Higgs we get 

2 I COS 0\y 



r\z c z (v + H), 



s(ip + ) = ir)-(v + H + iip z )c + +ir)~ 



g cos 20w 



2 cos6» 



<P Vz cz + ir] e eip + CA, 



s(ip ) = —if)-(v + H - itpz)c 



g cos 20\ 



8(H) 

and for the fermions 



2 cos#w 
9 



■if r\zcz —ir) e etp ca, 



ir)-(c + tp -c if + ) + t] 

2 2 cos 0w 



r\z c z vz 



(A.20) 



l 7) 



V2 



-l T) 



irj e eQcA 



cos6*vy V 2 



T3 



i rj e e Q ca — it]' 



9 



sm V W r)zc z 



-Q sin 9wVzcz 



(A.21) 



COS Vw 

Finally, we need the rules for the ghost fields. These are obtained from Eq. (|A. 131) . 

We get, 

s(c A ) = ir] e ec + c~, 

s(cz) = i V) f]z 9 cos 0w c + c~ , 

s(c + ) = i ij rjz g cos 0w czc + + ir] e ecAC + , 

s(c~) = —ir)r)z gcos0w c z c~ — irj e ecAC~ . (A. 22) 
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